The emission angle distribution of projectile fragments (PFs) and the temperature of PFs emission source for fragmentation of 56 Fe on polyethylene, carbon and aluminum targets at the highest energy of 496 A MeV are investigated using CR-39 plastic nuclear track detector. It is found that the averaged emission angle of PFs increases with the decrease of PF charge for the same target, and no obvious dependence of angular distribution on the mass of target nucleus is found for the same PF. The cumulated squared transverse momentum distribution of PF can be well represented by a single Rayleigh distribution, the temperature of PFs emission source is extracted from the distribution, which is about 1.0 ∼ 8.0 MeV and do not depend on the mass of target for PF with charge of 9 ≤ Z ≤ 25.
INTRODUCTION
Heavy ion collisions at intermediate and high energy, being an idea tool for producing hot nuclear matter at various densities in the laboratory, is an important source of information on the properties of nuclear matter under extreme conditions [1, 2] . Experimental studies in this field extend from the Fermi energy regime to relativistic energies. Such study can help to understand not only the fundamental nuclear physics processes involved in nuclear fragmentation but also the thermodynamic evolution in the collisions. Multifragmentation is a universal phenomenon occurring when a large amount of energy is deposited in a nucleus. At low excitation energies, the produced nuclear system can be treated as a compound nucleus [3] which decays via evaporation of light particles or fission. However, at high excitation energy, a considerable amount of excitation energy and a slight momentum transfer are induced, possibly accompanied by compression during the initial dynamical stage of the interaction [4, 5] , the system will expand to subsaturation densities, thereby becoming unstable, and will break up into many fragments.
One of the major interests in the study of intermediate and high energy heavy ion collisions is the understanding of multi-fragmentation phenomenon and its connection with liquid-gas phase transition [2] . For this it has to be assumed that in a heavy ion collision at some stage a part of the system is both in thermodynamical equilibrium and instable. Such a configuration is often termed a freeze-out configuration. The multi-fragmentation process would reflect the parameters of this source, i.e. its temperature, density, and perhaps collective flow pattern. Among these parameters, temperature is an important thermodynamic quantity in the nuclear equation of state which is of broad interest in heavy ion collisions, since the nuclear system experiences an evolution from a very high temperature to a very low one to form the final fragments.
Experimentally it is very difficult to determine the temperature of hot nuclear matter in a dynamical process. There are several nuclear thermometers have been proposed to extract the temperature. These include the slope of energy spectra [6] [7] [8] , momentum fluctuations [9] , double isotope yield ratios [10] [11] [12] [13] , and excited state distributions [14] among others. However they may not be generally applicable in all circumstances and even for a given system the extracted temperature value from these thermometers may be quite different from each other [15] . The typical temperature extracted from isotope ratios or level population ratios are 5 ∼ 8 MeV [11] [12] [13] 16] , which is in agreement with that used in statistical models to reproduce the experimental mass yield curves. The typical slope temperature extracted from kinetic energy spectra of PFs is about 17 MeV [8] .
In this paper, the experimental results for the emission angle distribution of PFs and the temperature of PFs emission source obtained for fragmentation of 56 Fe on Al, C and CH 2 targets at highest energy of 496
A MeV are investigated using CR-39 plastic nuclear track detector.
EXPERIMENTAL DETAILS
Stacks of Al, C and CH 2 targets sandwiched with CR-39 plastic nuclear track detectors (HARZLAS TD-1, Fukuvi, Japan) were perpendicularly exposed to a 56 Fe beam of initial energy of 500 A MeV in the biology port of the HIMAC (the Heavy Ion Medical Accelerator in Chiba)facility at the Japanese National Institute of Radiological Sciences(NIRS). The beam fluence is about 2000 ions/cm 2 . The configuration of sandwiched target is shown in Fig.1 . A CR-39 sheet, with dimension of 5cm×5cm and thickness of 0.8 mm, were placed before and after each targets. The thickness of aluminum, carbon and polyethylene targets is 2, 5 and 10 mm, respectively. There are two targets in each stacks, one CR-39 sheet placed before and after each target. The beam energy on each target upper surface were calculated using SRIM-2008 simulation code. The beam energy on each first target (target 1) upper surface is 496 A MeV, on second Al target (target 2) upper surface is 477 A MeV, on second C target (target 2) upper surface is 468 A MeV, and on second CH 2 target (target 2) upper surface is 462 A MeV. The accuracy of beam energy on each target is calculated based on the uncertainty of length of beam line and the uncertainty of CR-39 sheet, which is less than 1 MeV/nucleon. After exposure, the CR-39 detectors were etched in 7 N NaOH aqueous solution at temperature of 70
• for 30 hours. Tracks from beam ions and their fragments manifest in the CR-39 sheet as etch-pit cones on both sides of sheets. The images of ions tracks were scanned and analyzed automatically by HSP-1000 microscope system and the PitFit track measurement software, then checked manually one by one. When the track is mis-identified in the automatical PitFit track measurement process(such as target fragment track, disguised track, and overlapped track), the corresponding track is refitted in the manual checking process. The manual checking process is really a time consumed process, but it keeps the detection efficiency at 100%. The PitFit software provide some geometric information of each track, such as the track coordinates, major and minor axes and area of etched track spot on CR-39 sheet surfaces. About 1.5×10
4 56 Fe ion tracks were traced from the first CR-39 detector upper surface in the stack. The spots on the front surface (with respect to the beam direction) were directly scanned firstly, then the sheet were turned under the middle line of the sheet and the spots on the back surface were scanned. Beam 56 Fe trajectories and ones of secondary projectile fragments were reconstructed in the whole stack using the track tracing method [17] . First, the track position in CR-39 sheet surface is corrected by parallel and rotational coordinate transition. Second, the difference between the track position of corresponding tracks on both side of the CR-39 sheets and on the surfaces neighboring targets are minimized by a track matching routine. The coordinate of the track before the target (or upper surface of CR-39 sheet) is (x, y) and of the matching track after target (or back surface of CR-39 sheet) is (x ′ , y ′ ). Following the translation relation, the coordinate of matching track can be calculated as: target, a and b are the track coordinate difference in the upper surface and down surface on the sheet, c and d are the track coordinate difference before and after the target, the smooth line in each figures is the Gaussian fits of the distribution. The difference are calculated for all combinations of positions for extracted tracks, only the matched combination ought to make a peak which appears in the figures, the dx and dy values of other combinations should be randomly distributed. The deviations (σ(dx) and σ(dy)) give the position accuracies of track which are estimated to be 3.0∼12.0 µm between the upper and down surface of a CR-39 sheet and 6.0∼30.0 µm before and after targets which depend on the thickness of CR-39 sheet, type of target and thickness of target. The accuracy suffers from Coulomb scattering becomes greater on the downstream detectors because Coulomb scattering effect increases with the increase of the energy loss. However, since the matching track is searched within four times of the deviations in our investigation, the Coulomb scattering effect is negligible. There are several possibilities when matching tracks in the region of (x (1) There is a candidate track in the region of (x ′ th ± 150µm, y ′ th ± 150µm) and the area of the matched track is in the region of beam 56 Fe track area, which is considered as a no fragmentation event.
(2) There is a candidate track in the region of (x ′ th ± 150µm, y ′ th ± 150µm) and the area of the matched track is lesser than the region of beam 56 Fe track area, which is considered as a fragmentation event.
(3) There are two or three candidate tracks in the region of (x ′ th ± 150µm, y ′ th ± 150µm) and the sum of the matched track charge is equal or lesser than the charge of beam 56 Fe, which is also considered as a fragmentation event.
(4) There is a candidate track in the region of (x ′ th ± 150µm, y ′ th ± 150µm) and the area of the matched track is greater than the region of beam 56 Fe track area, which is considered as a charge-pickup reaction event.
(5) There is no candidate track in the region of (x ′ th ± 150µm, y ′ th ± 150µm), it is considered as completely fragmentation event, but the charge of fragments are below the threshold of CR-39 detector.
The charge of produced projectile fragment is determined from the etched track area distribution. 
RESULTS AND DISCUSSION
The emission angles of PFs after each targets related to the direction of 56 Fe ions before the target are determined using the coordinates of 56 Fe ions, PFs and the thickness of detector. Track dimensions and positions within one microscope frame can be measured with an accuracy of ∼ 0.1µm. However, overall positional accuracy is dominated by the moving stage of the microscope. The positional uncertainty σ p in the x − y plane of the stack coordinate system is about 3 µm. The positional uncertainty σ z in the z-axis comes from stack composition and detector thickness measurement and is estimated at ∼ 8µm. Using the quadruplet fitting method the corresponding angular uncertainty is
where θ represents the polar angle of the fitted line. With a detector thickness of h = 780µm we thus obtain angular uncertainties σ(θ) ≈ 0.16
• for the value of θ up to 8
• . Table 1 . The mean emission angle distribution of PFs produced in fragmentation of 56 Fe on different targets at different energies is shown in Fig. 9 . It is found that the mean emission angle increases with the decrease of charge of PF, and no obvious beam energy and target size dependence are found in our studied beam energy region. The transverse momentum per nucleon (p t ) of PF is calculated on the basis of its emission angle, p t = p sin θ, where p is the momentum per nucleon of beam which can be calculated from the beam energy per nucleon (E), p = √ E 2 + 2m 0 E, m 0 is the nucleon rest mass. The spectator is that part of the system which has not collided with the other nucleus, but which is nevertheless excited due to the shearing-off of part of the nucleus and due to absorption of participant particles. The projectile spectator is identified as those particles which have approximately beam energy per nucleon but have a small reflecting angle related to the beam direction. It was seen in Ref. [18] that it represents a well equilibrated piece of nuclear matter at finite temperature. When the spectator is fully developed the properties are rather independent of incident energy which supports the freeze-out picture [19] , and the density and temperature remain rather constant for several tens of fm/c, making it an ideal system in order to study the thermodynamical evolution of low-density, finite temperature nuclear matter. According to the participant-spectator concept and the fireball model [20] , if we assume that the emission of PFs is Maxwell-Boltzmann distribution in projectile rest frame with a certain temperature T, then the integral frequency distribution of the squared transverse momentum per nucleon is
where A is the mass number of PF, m p is the mass of proton. The linearity of such a plot would be strong evidence for a single temperature of emission source. Fig.9 shows the cumulative plots of F as a function of p 
where σ = 2/π < p t >, which is related to the temperature of PF emission source. Using the fitting parameter the temperature of PF emission source is calculated which is presented in Table 2 . It is shown that the temperature of PF emission source does not obviously depend on target size. Average speaking, the temperature of heavier PFs emission source is less than that of lighter PFs emission source, but the difference is not so obvious. The temperature of PF emission source is about 1-8 MeV for the PFs with charge in the range from 9 to 25, which is in good agreement with the finding of Ref. [11] [12] [13] 16 ] based on isotope thermometers but less than the result of Ref. [8] based on the PF kinetic energy spectrum. The PFs are produced from the peripheral heavy ion collisions, which provides an ideal scenario for studying multifragment decay of hot and dilute nuclei. According to the participant-spectator concept [20] , it is assumed that when the interaction of projectile and target nuclei takes place, the projectile and target sweep out cylindrical cuts through each other. During the separation of the spectators from the participants, there is some intercommunication, which results in the excitation of the spectators. This excitation strongly depends on the contacted area of the colliding system. The heavier fragment corresponds to the large impact parameter and the small contacted areas, the lighter fragment corresponds to the smaller impact parameter and the larger contacted areas. So the excitation energy of the heavier fragments less than that of the lighter 2.70 ± 0.65 3.71 ± 1.14 7.69 ± 3.32 6.43 ± 2.13 Z = 8
2.98 ± 1.40
fragments, results in the temperature of an emission source of a heavier fragment being less than that of the light fragment.
CONCLUSIONS
The emission angle distributions of PFs and the temperature of PF emission source for fragmentation of 56 Fe on C, Al and CH 2 targets at different energies are studied. It is found that the averaged emission angle increase with the decrease of the charge of PF for the same target, and no obvious dependence of angular distribution on the mass of target nucleus is found for the same PF. The cumulated squared transverse momentum distribution of PF can be well represented by a single Rayleigh distribution, the temperature parameter of PFs emission source is obtained, which is about 1.0 ∼ 8.0 MeV and do not depend on the mass of target for PF with charge of 9 ≤ Z ≤ 25. Average speaking, the temperature of heavier PFs emission source is less than that of lighter PFs emission source, but the difference is not so obvious.
